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A pioneer study investigating the feasibility of using Agrobacterium-mediated gene transfer was undertaken in Pinus patula, the most
important softwood species in South African forestry. This was achieved via the introduction of pAHC25 under the control of the ubiquitin
promoter. A variety of target tissues were tested including: mature zygotic embryos, mature somatic embryos and embryonal suspensor masses
(ESM). Expression of positive histochemical GUS activity in transformed material was confirmed by polymerase chain reaction (PCR) analysis.
Results indicated that Pinus patula tissue was amenable to transformation. Use of the ESM tissue type, together with inclusion of L-proline in the
medium, provided the most suitable transformation system.
© 2007 SAAB. Published by Elsevier B.V. All rights reserved.Keywords: Agrobacterium; Bar gene; Genetic transformation; pAHC25; Somatic embryogenesis1. Introduction
Pinus patula, the most popular pine for timber and pulp
production in South Africa (FOA, 2002), has been the focus of
significant biotechnological research with various protocols
established for somatic embryogenesis (Jones and Van Staden,
1995, 2001), cryopreservation (Ford et al., 2000) and
microparticle bombardment (Nigro et al., 2004). Originally
from Mexico, this softwood was first introduced to reduce
deforestation and preserve natural woodlands. The fast growth
and good silvicultural features of Pinus patula spurred its
widespread use under plantation conditions throughout south-
ern Africa (Dvorak et al., 2000).
Significant advances within the biology of Agrobacterium
and conifer tissue culture protocols from embryogenic tissues
have ensured genetic modification of species other than those
belonging to the angiosperms (Peña and Séguin, 2001). The
impact of transgenic trees on the forest industry has led to
increased research into understanding biosynthetic pathways
and improved product quality. The Agrobacterium method has⁎ Corresponding author.
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doi:10.1016/j.sajb.2007.08.009advantages over biolistic transfer resulting in less fragmentation
and more predictable integration of the transgene (Gelvin,
2003). However, a successful Agrobacterium protocol for
P. patula has never been reported.
There is only one successful report on the production of
transgenic tissues of P. patula via biolistic transformation using
the pAHC25 plasmid (Nigro et al., 2004). The aim of this study
was to establish an indirect method of gene transfer to P. patula
tissue using the A. tumefaciens LBA4404 strain transformed
with the pAHC25 plasmid containing the bar and GUS genes.
To our knowledge, this is the first successful application of
Agrobacterium-mediated transformation in P. patula and it
could further serve as a benchmark towards improving produc-
tivity through pest and herbicide resistance, abiotic stress
tolerance, and wood modification.
2. Materials and methods
Various types of explants were tested: excised mature zygotic
embryos (MZE) (Mathur and Nadgauda, 1999), mature somatic
embryos (MSE) (Jones and Van Staden, 1995, 2001), and solid-
medium-derived ESM (Jones and Van Staden, 1995, 2001). One
gram of rapidly growing solid-medium-derived ESM ofts reserved.
Table 1
Summary of ESM transformations with various decontamination regimes
Co-cultivation conditions Solid Liquid
Infection conditions Solid (SS) Liquid (LS) Liquid (LL)
No. days after subculture 14 7 5 1
Decontamination regime
(using rotation)
Use of Sartorius®
filter units and filter paper
stacks between washes
Filter paper-supported
ESM in liquid MSG3-
cefotaxime with filter units
2 d decontamination;
filter paper-supported ESM;
inclusion of L-proline in
MSG-cefotaxime
6 d decontamination,
filter paper supporting ESM
transferred onto filter paper stacks.
Petri dishes with surviving
material (%)
0 C 0 C 70 C 0 C
0 E 0 E 70 E 0 E
Description Persistent Agrobacterium,
unsuccessful regeneration
Persistent Agrobacterium,
unsuccessful regeneration
Healthy tissue recovered, although
re-growth of Agrobacterium on
plain MSG medium
Tissue appeared to senesce,
re-growth of Agrobacterium after
placement on plain MSG medium
SS— solid infection and solid co-cultivation; LS— liquid infection and solid co-cultivation; LL— liquid infection and liquid co-cultivation; C— control replicate
(no pACH25); E — experimental replicate (with pAHC25).
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were used on the day of transformation before suspension in
liquid MSG3 (Becwar et al., 1990; Jones and Van Staden, 1995)
to make ten Petri dishes (replicates) of tissue per experiment.
Lines 3 and 7 were derived from the same family. Lines 1 and 3
were successfully regenerated in a previous biolistic study
(Nigro et al., 2004). Small aliquots of suspension were
conventionally dispensed onto 42.5 mm Whatman No. 1 filter
paper supports for filtering the cells from solution using a
Sartorius® filter unit. Tapered pipette tips were used to minimize
damage to the embryonal heads. The protocols of Levée et al.
(1999), Le et al. (2001) and Trontin et al. (2002) were the basis
for P. patula ESM transformations.
Disarmed Agrobacterium LBA4404 cultures, which harbour
the binary vector pAL4404, were transformed with the
ampicillin resistant pAHC25 plasmid (Christensen and Quail,
1996) using a calcium chloride and heat shock method (Ausubel
et al., 1988). Agrobacterium cells were maintained on YMB
agar plates (0.4 g/l yeast extract, 10 g/l mannitol, 0.1 g/l NaCl,
0.2 g/l Mg2SO4, 10 g/l agar, 0.5 g/l KH2PO4 [pH 7.0]) with
150 μg/ml rifampicin and 100 μg/ml ampicillin.
One colony of A. tumefaciens LBA4404 strain (pAHC25
plasmid) per ml medium was grown to optical density of 0.5–
0.75 at 600 nm at 28 °C in liquid YMB (100 μg/ml ampicillin
and 150 μg/ml rifampicin), thereafter at 19 °C overnight with
100 μM acetosyringone (AS), 3′5′-dimethoxy-4′-hydroxy-
acetophenone, (Sigma). Bacterial suspensions were purified ofTable 2
Assessment (% budding, decontamination, viability) of MZE transformation observ
Genotype Treatment Type of assessment Total no. of MZE inocul
Family OP1 E S3 55
Family OP2 E S3 55
Family OP2 E S1 50
Family OP2 C S1 50
OP— Open-pollinated family; C— control replicate (no pACH25); E— experimental
l glufosinate ammonium; S3— assessment on selection medium containing 3 mg/l glufantibiotics by centrifugation at 2803 g for 25 min at 4 °C and
pellets were resuspended in 10 ml liquid plant medium (MSG3).
However, the Agrobacterium pellets used for mature somatic
embryo transformations were resuspended in YMB, in order to
avoid exposure of somatic embryos to the plant growth
regulators N6-benzyladenine (BA) and 2,4-D as these mature
structures require abscisic acid (ABA) during maturation stages
(Attree and Fowke, 1993; Stasolla and Yeung, 2003). Negative
controls for all tissue types used the A. tumefaciens LBA4404
strain without the pAHC25 plasmid.
Different liquid and solid phases of infection and co-
cultivation environments were tested using ESM as target
material (Table 1). These included: (A) Solid-medium co-
cultivation of ESM (i) solid-medium infection and solid co-
cultivation (SS), (ii) liquid-medium infection and solid co-
cultivation (LS); and (B) Liquid-medium co-cultivation of
ESM: (i) liquid infection and liquid co-cultivation (LL).
Sartorius® filter units, later replaced by Whatman No. 3
(65 mm) filter paper stacks (Table 1), were used to drain off
excess Agrobacterium suspension from the ESM-containing
filter paper supports. Four decontamination washes (5–10 min)
in liquid MSG3 supplemented with 500 mg/l cefotaxime on a
rotary shaker at 25 °C in 50 ml Erlenmeyer flasks were
performed. A liquid decontamination step (rotation at 140 rpm),
replacing liquid MSG3-cefotaxime every 1–2 d, was later
employed. Final treatments included L-proline in semi-solid
MSG3-cefotaximemedium (0.69 g/l L-Proline; 2.5 g/l Gelrite®).ed after incubation (2–3 weeks) on selection medium
ated Budding (%) Total (%) MZE decontaminated Viability (%)
16.36 60 27.27
12.73 38.18 43.64
10 6 14
22 18 48
replicate (with pAHC25); S1— assessment on selection medium containing 1 mg/
osinate ammonium.
Fig. 1. (A) Positive GUS expression (indigo colour) of MZE portion (G), control
MZE (untransformed) without expression (C). (B) Subsequent bar PCR of MZE
transformed by Agrobacterium, previously tested for GUS expression. DNA
contents of the lanes are: lane M—MXIV (Roche); lane C1— positive control
of pAHC25 plasmid (indicated by arrow); Lanes 3–10 and 12—MZE samples
that underwent histochemical analysis. Bar transgenes shown in samples loaded
in lanes 3, 4, 7–10 and 12 (indicated by arrows).
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previously described BASTA® (Nigro et al., 2004), ammonium
glufosinate as the bioactive ingredient, was followed.
Transformation methods described by Charity et al. (2002)
were applied to excised mature zygotic and somatic embryos.
Somatic embryos were incubated for a 15–30 min infection
period in 5 ml Agrobacterium suspension. Embryos wereTable 3
Survival (%) and transgene analysis of mature somatic embryos following Agrobac
Genotype Initial no. infected Treatment Co-cultivation
Line 8 15 E Experimental embryos bombarded,
covered with Agrobacterium
suspension and overnight shaking.
Control embryos only bombarded
1 d on filter
paper.14 C
Line 6 8 E Bombardment preceding
Agrobacterium infection
2 d
5 C
Line 5 83 E Bombardment preceding infection 5 d Co-
cultivation on
filter paper.
40 C
C — control replicate (no pACH25); E — experimental replicate (with pAHC25).blotted dry and placed on MS (Murashige and Skoog, 1962) or
240 medium (Pullman and Webb, 1994) supplemented with
100 μm AS for a 2 d co-cultivation period. Tissue was washed
three times with a sterile water solution of 500 mg/l cefotaxime.
Embryos were placed on 240 medium (without PGRs or
charcoal) for elongation during the first week; and, embryos
free of Agrobacterium contamination, were placed onto 240
charcoal-containing medium for the second week of elongation.
Plant growth regulators (PGRs) and activated charcoal were
withheld on the first subculture to allow embryo elongation and
prevention of antibiotic adsorption to the charcoal respectively.
Partially dried mature somatic embryos of Lines 5, 6 and 8,
were initially bombarded (to create a wound entry for the
Agrobacterium) on filter paper at −0.4 bar vacuum and at 40 bar
shooting pressure of the nitrogen gas before Agrobacterium
infection on the same day.
Seeds were surface decontaminated by immersion into 75%
ethanol [v/v] for 4–5 min, followed by 20 min incubation in
1.3% NaOCl [w/v]. Both solutions contained a few drops of
Tween®20 (Merck, Germany), with an active ingredient of
polyethylene sorbitan monolaurate as a surfactant. The seeds
were rinsed several times with sterile distilled water before the
mature zygotic embryos were aseptically dissected from surface-
decontaminated seeds and placed on 1/2 DCR (Gupta and
Durzan, 1985) medium (half the salt concentration) supplemen-
ted with 2.5 μM N6-benzyladenine (BA) and 0.025 μM
thidiazuron (TDZ). MZE were exposed to BA and TDZ for
24–36 h.
Fifty or 55 MZE per treatment were wounded by pricking
with an insulin micro-fine syringe (1 ml), before being air-dried
for 15 min under laminar flow conditions prior to 30 min co-
incubation with 10 ml Agrobacterium suspension. Thereafter
the MZE were blotted dry, transferred onto PGR-free 1/2 DCR
medium for a co-cultivation period. Two to three days later MZE
were decontaminated with sterile dH2O (500 mg/l cefotaxime)
and transferred onto selection medium with 500 mg/l Claforan®
(cefotaxime active ingredient, Hoechst, South Africa) and
BASTA® as described by Nigro et al. (2004) for two subculturesterium-mediated transformation
regime Decontamination regime Transgene analysis
of somatic embryos
(GUS assay)
Germinating
embryos (%)
Three washes before
germination regime. Washes
necessary between different
selection media.
Four embryos
tested, no
expression.
0 E
57C
Two washes before
germination regime, no light.
Subsequent washing necessary.
Two experimental
embryos tested,
no expression.
75 E
0 C
Three washes before
germination regime, no light.
Subsequent washing necessary.
None tested. 22.9 E
10 C
Washes were performed with sterile dH2O and 500 mg/l cefotaxime.
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were repeated if necessary.
A histochemical GUS assay, 3–6 days after transfor-
mation, was performed (Nigro et al., 2004) on random samples
of a small spatula-full (approximately 0.01 g) of putatively
transformed ESM or portion of MZE. Genomic DNA was
extracted and then subjected to PCR-mediated amplifica-
tion using the bar primer set (5′-CATCGAGACAGCACGGT-
CAACTTC-3′/5′-ATATCCGAGCGCCTCGTGCATGCG-3′)
and GUS genes (5′-GGTGGGAAAGCGCGTTACAAG-3′/5′-
GTTTACGCGTTGCTTCCGCCA-3′) for a 0.34 kb bar frag-
ment and 1.2 kb GUS fragment, respectively (Nigro et al., 2004).
The analysis of stable transformation of transgenes was tested
through Downward Southern hybridization (Koetsier et al.,
1993) using both the bar and GUS as radioactively labeled
probes. However, these results were not forthcoming and have
not been described in this paper.
3. Results and discussion
The efficiency of the Agrobacterium-mediated transfer to
ESM was optimized by a series of practical modifications. This
included: (i) the use of sterile filter paper stacks to drain off
excess liquid; (ii) inclusion of a liquid decontamination phase;
(iii) use of L-proline to aid regeneration; (iv) better consider-
ation of time after subculture for the ESM regeneration
capability was required (3–4 d after), and (v) subculture of
1 g of tissue on the day of transformation was optimal. The
capillary action employed by filter stacks was a less physically
aggressive approach to draining off excess Agrobacterium
suspension from infected ESM compared to the vacuum created
by the Sartorius® filter units, thereby aiding regeneration.
Tissue with exposure to medium supplemented with L-proline,
without BASTA®, responded with the best tissue recovery.
The lowest organogenic responses (10%), viability (14%)
and decontamination (6%) were observed when using seed from
open-pollinated (OP) Family 2 as explants (Table 2). The non-
transformed control exhibited the highest percentage budding
(10% higher) and almost 50% viability. GUS expression was
observed in one instance using Family OP2 after selection on
1 mg/l glufosinate ammonium (Table 2 and Fig. 1A).
No characteristic budding, as reported by Pulido et al. (1992)
in Pinus wallichiana, was observed. It would be expected that
regeneration capability would vary between the open-pollinated
families as reported in P. radiata zygotic embryos (Tang et al.,
2001). Reported limitations to using organogenic tissue for
transformation (Charity et al., 2002) such as the regeneration of
undesirable chimaeric tissue could also be the case for somatic
embryos. Although elimination of infecting Agrobacterium cells
was most challenging from the ESM target material, compared
with MZE, this was the best transformation tissue to continue
experiments with due to access to a working in vitro protocol.
Portions of MZE underwent GUS analysis before PCR
analysis. In this case bar amplification (Fig. 1B) correlated to
the positive GUS expression previously observed in MZE
samples (Fig. 1A). Non-specific bands slightly larger than the
bar fragment were amplified in all samples which correspondto results reported by Vickers et al. (1996). This PCR evidence
shows that MZE target tissue (as well as ESM) is also amenable
to gene transfer. The results obtained from this study would be
used to further establish a protocol with stable integration of the
desired transgenes.
The effect of transformation on mature somatic embryos
through the wounding effect of bombardment with the Agro-
bacterium infection process, was monitored in terms of
percentage germination and transgene analysis (Table 3). Line
6 had the highest percentage viable experimental embryos
(75%), with Line 8 having the lowest, but the highest percentage
of surviving germinating control embryos. Varying lengths of
co-cultivation did not enhance transient expression or stable
integration of the GUS transgene (results not shown), nor did it
influence the rate of re-contamination. Subsequent washes were
necessary between subcultures, this despite rigorous decontam-
ination washes. No conclusive gene transfer to somatic embryos
was indicated. Although mature somatic embryos were readily
available for transformations, their suitability as target tissue was
a concern. This tissue type risks incomplete transformation of
the whole explant as a primary transgenic (T0) (Bhat and
Srinivasan, 2002) and therefore the risk of chimaeras during
regeneration.
The biolistic (Nigro et al., 2004) and the Agrobacterium-
mediated methods reported here indicated gene transfer (by
positive transient expression assays) to P. patula using both
transformation techniques across all tissue types tested. PCR
analysis provided assurance that both procedures are useful for
transformation of P. patula. Progress, worthy of consideration,
into the Agrobacterium-mediated transformation of P. patula
has been described and offers potential for producing an indirect
transfer protocol for this key forestry species, particularly using
ESM as the target tissue.
Major challenges in tree biotechnology involve finding
candidate genes that can be used with developed gene transfer
methods to produce plants with a predicted transgene pattern.
Field trials for transgenic trees aim to test stable transgene
integration and expression over years under various environ-
mental conditions (Peña and Séguin, 2001). The major areas of
transgenic tree application remain abiotic stress tolerance,
modifying of lignin content (decreased) and composition, insect
and herbicide resistance, and alteration of tree form and
performance (Tang and Newton, 2003).
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